All previously characterized protein geranylgeranyltransferases I (GGTase I) are heterodimeric zinc metalloenzymes which catalyse geranylgeranylation of a cysteine residue in proteins containing a C-terminal CaaL motif (C, Cys; a, aliphatic amino acid; L, Leu). The a and /?subunits of GGTase I of Saccharomyces cerevisiae are encoded by RAM2 and CDC43, respectively, and are essential for yeast viability. The authors are therefore investigating the role of geranylgeranylation in the related pathogenic yeast, Candida albicans, which is the most prevalent human fungal pathogen. GGTase I was purified to near homogeneity and also found to be a heterodimeric magnesiumdependent, zinc metalloenzyme displaying selectivity for CaaL-containing protein substrates. GGTase I peptide sequences were obtained from the purified protein and used to clone the genes encoding both subunits. CaRAM2 and CaCDC43 encode proteins that are 42 and 34% identical to their corresponding 5. cerevisiae homologues, respectively, and 30 O/ O identical to their human homologues. Despite the limited overall homology, key zinc-and substrate-binding residues of the /? subunit (Cdc43p) are conserved. A unique feature of CaCdc43p is a tract of polyasparagine whose length varies from 6 to 17 residues among C. albicans strains and between alleles. Coexpression of both CaCDC43 and CaRAM2 under their native promoters complemented the ts defect of a S. cerevisiae cdc43 mutant but expression of the /?-subunit alone did not correct the growth defect, suggesting that hybrid GGTase I heterodimers are nonfunctional.
INTRODUCTION
Prenylation is a post-translational modification that facilitates membrane localization of a protein by increasing its hydrophobicity, and is often essential for function (Schafer & Rine, 1992; Omer & Gibbs, 1994) . One class of protein prenyltransferases consists of heterodimeric zinc-dependent enzymes catalysing prenyl group transfer from either farnesyl diphosphate (farnesyltransferase ; FTase) or geranylgeranyl diphosphate (geranylgeranyltransferase I ; GGTase I). The prenyl group is linked to a cysteine residue in the Cterminal amino acid sequence referred to as a CaaX motif [C, cysteine; a (usually) , aliphatic amino acid; X, any amino acid]. The specificity of prenyl group addition is largely determined by the X-residue of the CaaX motif (Zhang & Casey, 19964 , Following prenylation, the 0002-3048 0 1999 SGM three C-terminal amino acids are removed by proteolysis and the free carboxyl group of the prenyl-cysteine is carboxy-methylated (Clarke, 1992) . A second and distinct class of protein prenyltransferases found in yeast and mammalian cells is GGTase 11, which specifically catalyses geranylgeranylation at both cysteines of Cterminal -CC or -CXC sequences found in yeast Rab proteins (Farnsworth et al., 1994; Zhang & Casey, 1996a) .
GGTase I has a preference for substrates in which X of the CaaX motif is leucine, whereas FTase farnesylates proteins that terminate in alanine, cysteine, glutamine, methionine or serine (Moores et al., 1991 ; Caplin et al., 1994) . The a and /? subunits of GGTase I from Saccharomyces cerevisiae are encoded by R A M 2 and CDC43, respectively, and each is essential for viability (Adams et al., 1990; Finegold et al., 1991; He et al., 1991; Ohya et al., 1991; Mayer et al., 1992) . FTase shares a common a subunit with GGTase I in both yeast and mammals. R A M 2 encodes the p subunit of S.
cerevisiae FTase, and null mutants of this gene exhibit a temperature-sensitive lethality (He et al., 1991 ; Kohl et al., 1991) .
Geranylgeranylated proteins are typically small GTPbinding proteins involved in cytokinesis, cell polarity and morphogenesis (Schafer & Rine, 1992) . The two most critical substrates of S. cerevisiae GGTase I appear to be the essential proteins Cdc42p and Rholp, since the simultaneous overexpression of both suppresses a GGTase I defect (Ohya et al., 1993; Trueblood et al., 1993) . Compensation presumably occurs by FTasemediated prenylation of these substrates, since FTase, not normally essential, becomes required for cell viability in this situation. R h o l p has at least three important roles in morphogenesis in S. cerevisiae : (1) it is required as an activator of protein kinase C, which plays a fundamental and essential role in maintaining cell wall integrity (Nonaka et al., 1995; Kamada et al., 1996) ; (2) it has been shown to activate Binlp, a protein involved in reorganization of the actin cytoskeleton during polarized morphogenesis (Kohno et al., 1996; Imamura et al., 1997) ; and (3) it has been identified as the GTP-binding regulatory subunit of 1,3-P-~-glucan synthase, an essential enzyme involved in fungal cell wall biosynthesis (Drgonova et al., 1996; Mazur & Baginsky, 1996; Qadota et al., 1996) . In this last role, Rholp is found associated with Fkslp, an essential subunit of S. cerevisiae 1,3-P-~-glucan synthase (Douglas et al., 1994) .
Candida albicans, a dimorphic yeast related to S. cerevisiae, is a major opportunistic human fungal pathogen, causing life-threatening infections in many immunocompromised patients (Cox & Perfect, 1993) . We are interested in exploiting cell wall synthesis and related processes, such as protein prenylation, for antifungal targets. The recent confirmation of CaRholp as the regulatory subunit of glucan synthase in C. albicans (Kondoh et al., 1997) suggests that the essential regulatory role of the RHO-family GTPases is conserved in Candida species. R h o l p (Kondoh et al., 1997) and Cdc42p (Mirbod et al., 1997) 
METHODS
General. Chromatography columns and media were from Pharmacia. Protein concentrations were determined with the BCA protein assay reagent (Pierce) or Protein-Gold reagent (Integrated Separation Systems) with BSA as the standard. SDS-PAGE gels were from Novex.
Yeast strains, growth media and microbiological methods.
CJ198-2B ( M A T a cdc43-2 ura3 trpl his4 ga12
) is a ts cdc43 S. cerevisiae mutant kindly provided by D. Johnson (Adams et al., 1990) . RS51-3A ( M A T a ram2-1 ura3 his3 ade8 trpl canl RAS2'a'1g) is a ts ram2 mutant obtained from S. Powers (Goodman et al., 1990) 112 trpl-1 ltrpl-1 ura3-1 lura3-1) was constructed by mating haploid W303-1A and W303-1B (Thomas & Rothstein, 1989) . S. cerevisiae S288C ( M A T a ) was obtained from the Yeast Genetics Stock Center. C. albicans CAI4 (Aura3 : : iimm434/Aura3 : : iimm434) was a gift of W. Fonzi (Fonzi & Irwin, 1993) and MY1055 is a clinical isolate (Abruzzo et al., 1995) . Mating and sporulation of yeast strains, and tetrad dissections, were performed as described and all media were standard for yeast genetics (Sherman et al., 1986) .
. S. cerevisiae diploid W303 ( M A T a I M A T a ade2-llade2-1 canl -1 OO
Protein prenyltransferase assays. Protein prenyltransferase activities were routinely determined by an acid quenchfiltration assay with prenyl acceptor substrates based on S. cerevisiae Raslp (Moores et al., 1991) . The protein substrates, referred to as Ras-CaaX, were expressed in Escherichia coli from the previously described plasmids ["LeuIRASl (term.)-SLKCaaX (CaaX = CAIL, CVLS, CVLM) obtained from C. Omer (Moores et al., 1991) . Additional Ras-CaaX plasmids (CaaX = CVIL, CTIL, CVVL, CVIA) were constructed by the strategy previously described (Moores et al., 1991) . The integrity of Ras-CaaX protein samples was verified by massspectroscopic analysis. Typical GGTase I reactions were performed under either of two sets of conditions: 50 mM Bistris propane p H 9.0, 10 mM MgCl,, 0.1 mM ZnCl,, 0.05 '/o (w/v) dodecyl maltoside, 2-4 pM ['HHIgeranylgeranyl diphosphate ('H-GGPP), 20 pM Ras-CAIL or Ras-CVIL; or 50 mM HEPES pH7.5, 1-5 mM DTT, 10 mM MgCl,, 0.05 mM ZnCl,, 0.05 '/o dodecyl maltoside, 2-4 pM 'H-GGPP, 20 pM Ras-CAIL or Ras-CVIL. Detergent was required to maintain GGPP solubility and in some cases 0*02% (w/v) Triton X-100 was substituted for the 0.05% dodecyl maltoside with little change in enzyme activity. Typical conditions for measurement of FTase activity were 50 mM HEPES pH 7. (v/v) concentrated HCl/ethanol, incubated at 37 "C for 30 min, then vacuum filtered through Whatman GF/B filters and rinsed with ethanol. Dried filters were subjected to liquid scintillation counting (Beckman Ready Safe). x 10'l Bq) mmol-'1 and " x 10" Bq) mmol-'1 were purchased from Amersham and typically used in assays at 1000-2000 d.p.m. pmol-' ; non-radioactive GGPP and FPP were purchased from American Radiolabelled Chemicals. For the determination of Michaelis constants for Ras-CVIL and GGPP, purified GGTase I was assayed in 50 m M HEPES pH 7-5, 10 mM MgCl,, 0.1 m M ZnC1, and 0.02% Triton X-100 containing the varied substrate and 2 pM 3H-GGPP or 50 pM Ras-CVIL, respectively. K,, values were determined by fitting saturation curves to V = Vmsx.c/(Kn, + c ) .
Purification of C. albicans GGTase 1. C. albicuns MY1055 cultures were grown overnight in YPD at 30 "C, harvested by centrifugation at an OD,,, of 10-15 (approx. 20 g cell paste 1-'), and stored at -80 "C. All purification procedures were conducted at 4 "C. The cell paste (36 g) was thawed in an equal volume of lysis buffer containing 50 mM Bistris propanelHC1, p H 7 , l m M ,&mercaptoethanol, 1 x Complete protease inhibitor cocktail (Boehringer Mannheim) and 1 m M Pefabloc protease inhibitor (Boehringer Mannheim). The cell slurry was homogenized with an equal volume of 0.5 mm glass beads for 30 s and cooled for 2.5 min in an ice-cooled BeadBeater (Biospec); this cycle was repeated 8-10 times. The crude homogenate was centrifuged at 31000g for 15 min at 4 "C and the supernatant (89 ml) subjected to buffer exchange by gel filtration on Sephadex G-25 (2.6 x 70 cm) equilibrated in buffer A (20 m M Bistris propane/HCl, p H 7, 0.02 m M ZnCl,, 1 mM MgCl,). The eluate containing the protein peak was clarified by ultracentrifugation at 100000 g for 1 h at 4 "C. After centrifugation, the supernatant was retained and loaded onto a Q-Sepharose HP column (2-6 x 24 cm) equilibrated in buffer A. The column was washed with buffer A and eluted with a 10-column volume linear gradient of NaCl ( 0 4 . 5 M) in buffer A at a flow rate of 3 ml min-' and fractions (15 ml) were collected. This step completely resolved GGTase I activity (eluted at 0.3 M NaCI) from FTase activity (eluted at 0.35 M NaCI). Fractions containing the GGTase I activity were pooled (75 ml), adiusted to 0-8 M ammonium sulfate by the addition of solid ammonium sulfate (8.1 g), and the sample applied to a Phenyl Sepharose HP column (1.6 x 5 cm) equilibrated in buffer A plus 0.8 M ammonium sulfate. The column was washed in buffer A plus 0.8 M ammonium sulfate and eluted with a 10-column volume descending linear gradient of ammonium sulfate (0.8-0 M ) in buffer A at a flow rate of 2.5 ml min-'. Fractions (2.5 ml) were collected and those containing GGTase I activity were pooled (eluted at 0*4-0*2 M ammonium sulfate; 27.5 ml), dialysed into buffer A, concentrated (0.28 ml) with concentrating solution (Pierce) and/or by ultrafiltration (30 kDa cutoff; Amicon), and subjected to gel filtration on a Superdex-200 H R 10/30 FPLC column equilibrated in buffer A. The column was eluted at a flow rate of 0.4 ml min-' and fractions (0.2 ml) were collected. The GGTase I activity was pooled and applied to a Mono-Q HR 5/5 FPLC column equilibrated in buffer A and eluted with a two-step NaCl gradient (0-0.35 M in 5 ml; 0 . 3 5 4 7 M in 20 ml) at a flow rate of 0-5 ml min-'. Fractions (0.25 ml) were collected. The GGTase I activity eluted as an apparent single peak at approximately 0-38 M NaCl. The pooled activity was dialysed into buffer A and stored at -80 "C. The FTase activity could be further purified by Phenyl-Sepharose chromatography under the same conditions as described above for GGTase I. The FTase activity eluted at 0-2-0 M ammonium sulfate and was pooled, dialysed into buffer A, and stored at -20 "C (significant loss of activity occurred when the preparation was stored at -80 "C), Protein chemistry. Approximately 5 pg ( -60 pmol) purified GGTase I was subjected to electrophoresis on a 10% Tris/glycine SDS-PAGE gel and blotted to PVDF (Bio-Rad).
The blot was stained with Ponceau S (Sigma) and the two main bands detected (approx. 41 and 45 kDa) were excised. Plasmid DNA was isolated using the QIAprep spin miniprep or QIAGEN-tip 500 or 100 kits (QIAGEN). Genomic DNA of C. ulbicans was isolated by the glass-bead lysis method of Hoffman & Winston (1987) . All DNA blots were performed with Zeta-ProbeGT derivatized nylon membranes (Bio-Rad) and were hybridized under stringent conditions recommended by the manufacturer. The probes were radiolabelled with [a-32P]dCTP using a random-primed DNA labelling kit (Stratagene). The DNA sequence of both strands of designated clones was determined on a model 377A automated DNA sequencer with a Prism Ready Reaction DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems). Sequences were assembled with Gene Codes Corporation Sequencher 3.0 and analysed primarily with the Genetics Computer Group software package. Percentage identity between protein sequences was determined with the GAP program. Multiple sequence alignments were performed by the CLUSTAL program (Thompson et al., 1994) .
Cloning of the GGTase I subunit genes. Fragments of CaCDC43 and CaRAM2 were amplified from genomic C. albicans DNA by PCR with degenerate oligonucleotide primers encoding the least degenerate regions of the determined GGTase I peptide sequences (Compton, 1990) . In unavoidable cases where sequencing indicated two possible amino acids or a primer encoded an amino acid potentially encoded by five or more codons (L, S, R), primer degeneracy was minimized by preparing two separate primer pools. PCR products were purified and directly subcloned into pCR2.1 (Invitrogen) for DNA sequencing. PCRs with the primers (EcoRI linkers are underlined
(sense), encoding regions of peptides 41-1 (NFWDYQ) and 41-2 (ELGINE), respectively, generated a predominant 729 bp PCR product (pCaRAM2-9) from C. albicans CAI4 DNA. The DCR reactions (50 pl volume) contained 100 ng genomic DNA, 1.0 pM each primer, 3 m M Mg", 200 pM each dNTP and 1.25 units Taq polymerase (Fisher Biotech). The thermalcycler profile (40 cycles) was 94 OC for 1 min, 50 "C for 1 min, 72 "C for 2 min, followed by a final incubation at 72 "C for 10 min. The DNA sequence of this product suggested that it encoded a peptide of C. albicans Ram2p by homology to S. 
partially encoding peptide 45-5 (YYNEEN) and encoding 45-3 (QNQLFG), respectively, were employed in PCRs with C. afbicans MY1055 genomic DNA as template. The PCR reactions were performed as described above with a thermalcycler profile of (35 cycles) 94 "C for 1 min, 40 "C for 1 min, 72 "C for 1 min, followed by a final incubation at 72 "C for 10 min. A 573 bp PCR product (pCR2.1-600) was obtained whose DNA sequence revealed an open reading frame which encoded peptides 45-1 and 45-2 in addition to exhibiting homology to S. cerevisiae Cdc43p.
T o isolate genomic clones of each subunit, probes derived from the PCR clones of each gene were used to screen a C. albicans genomic library, CLS2, that had been constructed from strain CA124 in the S. cerevisiae vector YEp24 and was obtained from J. Rosamond (Sherlock et af., 1994) . The CaRAM2 and CaCDC43 probes were a radiolabelled 0.6 kb NheI-X6aI fragment from pCaRAM2-9 and a 0-6 kb EcoRI fragment from pCR2.1-600, respectively. Four independent CaRAM2 and three CaCDC43 clones that hybridized to their respective probes were isolated. The clones for each subunit had insert sizes ranging from approximately 5 to 7 kb and contained common overlapping restriction fragments. Restriction and partial sequence analysis indicated that the clones contained full-length genes based on comparison of predicted peptide sequences to their S. cerevisiae counterparts. One CaRAM2 clone, pCaRAM16, and one CaCDC43 clone, pCaCDC7, contained approximately 3.0 kb HindIII fragments that were collinear with genomic DNA and were chosen for completion of sequence determination and further analysis.
Primers based on sequence of the genomic clones were used to amplify the genes from genomic DNA of C . afbicans strains CAI4 and MY1055 by PCR. A CaRAM2 PCR product, encompassing the entire coding region as well as 1279 bp upstream and 404 bp downstream from the ORF, was amplified from CAI4 with the primers 5' GCGCGCTGCAG-CATAAGGGATCAACGCCG 3' and 5' CCGGCGGTACC-AGGAGAAAATTGATTCCCCG 3' (underlined sequences are PstI and KpnI restriction sites, respectively). A CaCDC43 PCR product, containing the entire coding region as well as 647 bp 5' and 733 bp 3' of the ORF, was amplified from CAI4
with primers 5' GCGCTCTAGACGTATAAACCCTTGTC-CCG 3' and 5' CCGCGGTACCTTGAAGGTAATGTAC-CACGCC 3' (underlined sequences are XbaI and KpnI sites, respectively). The PCR reactions (50 pl volume) contained 100 ng genomic DNA, 0.2 pM each primer, 2 mM Mg2+, 200 pM each dNTP, 1 unit Elongase and 1 x buffers A and B (GibcoBRL). Cycle profile (30 cycles) was 94°C for 1 min, 55 "C for 1 min, 72 "C for 6 min, followed by a final incubation at 7 2°C for 20 min. The CaRAM2 and CaCDC43 PCR products were cloned into YEplacl81 (Leu+; Gietz & Sugino, 1988 ) and pUC19 (Yanisch-Perron et al., 1985) , respectively. Complementation of 5. cerevisiae GGTase I mutants with C. albicans subunits. The S. cerevisiae ts mutants RS51-3A (ram2) and CJ198-2B (cdc43) were first transformed to Trp+ with either CaRAM2 plasmids pCaRAM2-1 and pCaRAM2T or empty vector YEplacll2. Transformation was as described by Elble (1992) . The transformants were subsequently transformed to Ura+ with either CaCDC43 plasmids pCaCDC7 and p40CDCU or their respective vector controls YEp24 and pRS426. Transformants selected at 30 "C were tested for complementation at 37 "C.
A S. cerevisiae ram2 disruptant was also tested for complementation and was constructed as follows. First, the S. cerevisiae R A M 2 gene was amplified by PCR from genomic DNA of strain S288C with primers 5' GCGCCGCTCGAG-TTGTGATTAGTCGGTTAGAGG 3' and 5' CGGTGG-CTCGAGGGGTTTGGACGCATCAATGAT 3' (underlined sequences are XhoI sites). The PCR reaction (50 pl volume) contained 100 ng genomic DNA, 1.0 pM each primer, 200 pM each dNTP, 1 unit Elongase and l x buffers A and B (GibcoBRL). The cycle profile (35 cycles) was 95 "C for 1 min, 55 "C for 1 min, 72 "C for 1-5 min, followed by one cycle at 72 "C for 10 min. The 1566 bp PCR product was cloned into the XhoI site of pRS423 (His') to construct pRAM2-31. The R A M 2 XhoI fragment from pRAM2-31 was subsequently cloned into pGEMSZf( + ) to construct pFTAl and into YEplacl95 (Ura+; Gietz & Sugino, 1988) to construct pFTA4. An insertion-deletion of R A M 2 was made by replacing the 0.5 kb BglII-EcoRI fragment of pFTAl with a 0.8 kb BgfIIEcoRI TRPl fragment from pJJ246 (Jones & Prakash, 1990) to construct pFTAld. Trp+ transformants of diploid W303 were obtained with a HincII-SphI fragment of pFTAld containing the R A M 2 disruption and Southern blot analysis confirmed that a gene replacement had taken place on one allele in several transformants. Since we expected a haploid ram2 disruptant to be lethal as reported in the literature (He et al., 1991) , one diploid heterozygous for the disruption was transformed with either the URA3 R A M 2 plasmid pFTA4 or (Boeke et al., 1984) to select against the R A M 2 Ura+ plasmid, and on SD medium supplemented with uracil. All four segregants from the three tetrads grew on the control medium while only two of the four spores grew on the 5-FOA-containing medium; the spores which did not grow on 5-FOA medium were nonviable upon loss of the R A M 2 plasmid and therefore contained the ram2 disruption. The Ura+ R A M 2 transformant of one of the latter spores, designated W303dR2, was chosen for complementation studies.
Leu+ His' transformants of ram2 disruptant W303dR2 were obtained with pCaRAM2-22 and either p43CDC or p40CDC and appropriate vector controls. The transformants were streaked onto minimal medium at 30 "C and subsequently grown overnight in YPAD broth. The strains were plated on 5-FOA-containing medium and incubated at 30 "C.
RESULTS

Purification of C. albicans GGTase I
GGTase I and FTase activities were detected in cell-free extracts of C. albicans in protein prenyltransferase assays containing 3H-GGPP and a typical GGTase I prenyl acceptor, Ras-CAIL, or 3H-FPP and a typical FTase prenyl acceptor, Ras-CVLS, respectively (data not shown). Interestingly, both the GGTase I and FTase activities were elevated approximately 10-to 15-fold following clarification of the supernatant by ultracentrifugation (Table l) , perhaps resulting from removal of inhibiting lipids or some other membrane associated factor. Fractionation by anion exchange afforded the resolution of a single peak of GGTase I activity and a single major peak of FTase activity (Fig. l a ) . GGTase I was purified to near homogeneity by additional conventional chromatographic steps as described in Methods. Purification results from a typical preparation of GGTase I are presented in Table 1 . The purification enriched two polypeptides migrating at approximately 45 kDa and 41 kDa by SDS-PAGE (Fig. l b ) suggesting that the C. albicans GGTase I homologue had been purified.
Characterization of C. albicans GGTase I
Detergent was absolutely required to maintain the solubility of the GGPP substrate in the enzyme assay and dodecyl maltoside or Triton X-100 (0.02-0.05 Yo) were found to be satisfactory for maintaining substrate solubility and enzyme activity. Initial assays were performed with Ras-CAIL in the absence of DTT, and under these conditions a p H optimum of 9 was observed. The addition of D T T (1-10 mM) was found to be inhibitory at alkaline pH, and was routinely omitted until it was subsequently discovered that D T T shifted the p H optimum to 7-5-8 (data not shown). The effect of D T T resulted from stimulation of enzyme activity at the lower p H and inhibition at higher pH. For example, with RAS-CVIL at p H 7.5 in the presence and absence of 5 m M DTT, the relative activities observed were 100%
and 45 O/O , respectively, while at p H 9 the activities observed were 38 % and 78 % , respectively. The D T T dependence of the p H optimum was observed with both Ras-CAIL and Ras-CVIL. Metal requirements for C. albicans GGTase I were also examined ( Fig. 2 ) since all previously characterized prenyltransferases are magnesium-dependent, zinc metalloenzymes, with the apparent exception of mammalian GGTase I which has been reported to require only zinc (Zhang & Casey, Fig. 1. (a) . Separation of GGTase I and FTase activities by anion exchange on Q-Sepharose HP. Chromatographic conditions are described in Methods and the sample load and recovery are reported in Table 1 . Portions (10 pl) of the indicated fractions were assayed for GGTase I ( 0 ) and FTase (0) activities as described in Table 1 and Methods, respectively. The entire column profile had been assayed in prior preparations and no significant prenyltransferase activity was detected other than what is indicated. (b) Subunit composition of the purified C. albicans GGTase I. A sample (2.5 pl; 25 ng) of the Mono-Q-purified GGTase I (lane 2) was subjected to SDS-PAGE and the protein bands visualized by silver staining. Lane 1 contains molecular mass standards (Markl2, Novex). Zinc and magnesium dependence of C. albicans GGTase I. Purified GGTase I was assayed for activity in the presence of the indicated final concentrations of ZnCI, and MgCI,. Assays were performed in 50 mM HEPES, pH 7.5, 5 mM DTT, 0.02% Triton X-100, containing 25 pM Ras-CVIL and 0.25 pM 3H-GGPP. Data in the lane marked with asterisks (*) were obtained from an assay which also contained 2.5 mM EDTA. The data are means of duplicate determinations; error bars indicate the difference between replicates. 1996b). Purified GGTase I was nearly inactive in the absence of added zinc and magnesium salts, and the residual activity was further reduced by the addition of 2.5 m M EDTA. In contrast t o mammalian GGTase I, the addition of 100 pM ZnC1, alone restored only 1.5% of full enzyme activity. Full activity required the further addition of 10-20 m M MgCl,, which stimulated the zinc-containing enzyme an additional sevenfold. The addition of 10 m M MgCl, alone restored 6 5 % of full activity. Full activity was achieved by the further addition of 10 pM ZnCl,, suggesting that the purified enzyme maintained a significant amount of bound zinc. 
Substrate preferences of C. albicans GGTase I and FTase
The prenyl acceptor substrate specificity of FTase and GGTase I is a critical issue regarding the functional requirement for GGTase I in C . albicans. FTase crossspecificity for typical GGTase I substrates could obviate the presumed requirement for the latter. Therefore, the substrate specificity of the partially purified GGTase I and FTase activities was examined with a series of RasCaaX homologues as the prenyl acceptor and either GGPP or FPP as the prenyl donor (Fig. 3) . The CaaX sequences used included CVIL (Candida CRLZ ; RHO homologue), CVVL (Candida RHOZ), CTIL (Candida CDC42), CAIL, CVLM, CVLS and CVIA (S. cerevisiae a mating factor). GGTase I showed a preference for typical GGTase I CaaX prenyl acceptor substrates where X is a leucine residue and showed almost complete selectivity for GGPP as the prenyl donor (Fig. 3a) . Within the Ras-CaaL series the ranking of GGTase I activity was CVIL > CTIL > CAIL -CVVL. Modest activity was observed with CVLM and no activity was observed with CVLS or CVIA, typical acceptor substrates for FTase. FTase exhibited a strong preference for Ras-CaaX ending with methionine (CVLM) and showed much less activity with other typical FTase acceptors examined (CVLS and CVIA) (Fig. 3b) . FTase was also observed to catalyse some farnesylation of all CaaL substrates examined. The ranking for FTase farnesylation of the CaaL series was CVIL > CVVL-CTIL > CAIL and occurred with an efficiency of 19, 6, 6 and 2 % , respectively, relative to farnesylation of Ras-CVLM. The enzyme samples used in this experiment were both partially purified by anion exchange and hydrophobic interaction chromatography (see Methods) and purified to a similar extent (approx. 100-fold). A comparison of the specific activity data in Fig. 3 indicates that FTase-catalysed farnesylation of CaaL substrates occurs at a level similar to that of GGTase I-catalysed geranylgeranylation. One CUG codon, which is decoded in uiuo as serine in C . albicans instead of the conventional leucine (Tuite & Santos, 1996) , was identified near the C-terminus of Cdc43p encoding amino acid 388. A direct repeat of the trinucleotide ACT/C/G (the third nucleotide is most frequently T) was found 72 nucleotides upstream of the coding sequence of CaCDC43 and was repeated 22 Zaret & Sherman (1982) beginning at nucleotide 1671. Three potential TATA boxes were noted in the 5' noncoding region of
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CaRAM2.
A multiple sequence alignment of the a-subunit (Ram2p) from yeast, human and a plant (Fig. 4a) revealed that CaRam2p contains several small regions of homology including five sequence repeats previously noted for prenyltransferase a-subunits. The first three of these regions are a close match to the consensus sequence motif NYxxWxYR (x is an undefined amino acid; Boguski et al., 1992) while the latter two repeats differ by two amino acids. From the rat FTase crystal structure this motif is known to occur in a-subunit 'helical hairpins' which form part of the P-subunit interface . Fig. 4 (b) presents a multiple sequence alignment for the p-subunit (Cdc43p). A unique feature of CaCdc43p is an insertion of a tract of 17 asparagines at amino acid 178. The putative polyasparagine tract of CaCdc43p is encoded by an AT-rich region resembling noncoding sequence, but is most probably translated. N o good matches to intron consensus sequences were found and introns occur infrequently in C. albicans genes. Three residues which are completely conserved in all P-subunits of GGTase I, Asp 302, Cys 304 and His 357, are putatively assigned as the CaCdc43p p-subunit zinc ligands based on comparison to the FTase crystal structure . Several residues implicated in substrate (prenyl donor and acceptor) binding by mutagenesis studies of FTase (Kral et al., 1997) or GGTase I (Ohya et al., 1996) and the FTase crystal structure are conserved in all psubunits of GGTase I including CaCdc43p and are indicated in Fig. 4(b) .
Allelic and strain variations are found in both subunits of C. albicans GGTase I PCR clones containing the coding region of each subunit and various amounts of flanking sequence were isolated from strain CAI4, the strain most routinely used for Candida genetics, and from MY105.5, a pathogenic strain that we use in mouse models for virulence. The D D . N N N N N N N N N N predicted amino acid sequences of CaCdc43ps from CAI4 and MY1055 differed substantially from Cdc43p of CA124 in two regions. The most notable difference is the large variation in the number of asparagines and the absence of a histidine residue directly preceding the asparagine tract in the predicted translation products of CAI4 and MY1055 (Fig. 5a ). The strains differ at another repetitive region of the protein : approximately 80 amino acids downstream of the asparagine tract, one allele of both CAI4 and MY1055 encodes an insertion of ' DGNG ' (Fig. 5b) . CAI4-40 contains a deletion of ' ND '
and the other alleles have a D(277)G change. Four additional changes compared to Cdc43p of CA124 were noted throughout the protein. One was an E(39S)K change in three out of four alleles analysed whereas the other changes were only found in one of the alleles. Fewer differences were found in the predicted Ram2 polypeptides. One allele from CAI4 encoded no changes compared to CA124 while the other allele had one silent base change. Likewise, one allele of MY1055 was identical to CA124 whereas the other contained four base changes and encoded a single D(155)G change.
Complementation of a S. cerevisiae t s cdc43 mutant requires both CaCDC43 and CaRAM2
Complementation of the t s defect of S. cerevisiae cdc43 and ram2 mutants, C J198-2B and RS51-3A, respectively, was attempted by coexpression of both subunits of C. albicans GGTase I. The C . albicans GGTase I subunit genes from strains CA124 or CAI4 were expressed under their respective C. albicans promoters on high-copy S. cerevisiae plasmids. The ts defect of the cdc43 mutant was complemented in transformants containing both subunits as shown in Fig. 6 ; 13 and 9 transformants only) for nine transformants tested at the nonpermissive temperature.
The S. cerevisiae ts ram2 mutant is defective in FTase as well as GGTase I at the nonpermissive temperature since the a subunit encoded by R A M 2 is common to both GGTase I and FTase. The lack of complementation by both subunits of C . albicans GGTase I is most probably due to nonfunctional FTase since we were able to complement the ts defect of the cdc43 mutant. FTase of S. cerevisiae is essential at 37 "C but not at 30 "C as S. cerevisiae GGTase I compensates for FTase at 30 "C (Ohya et al., 1993; Trueblood et al., 1993 However, we were unable to detect any increase in GGTase I activity in cell-free extracts prepared from the cdc43 mutant complemented with CaCDC43 and CaRAM2 (data not shown). The extracts were made from cells grown at 30 "C and assayed at 30 "C, where we detected a low level of S. cerevisiae GGTase I activity (3-570 of wild-type) from the cdc43 mutant control, as previously reported (Ohya et al., 1996) A striking feature of CaCdc43p is an insertion of a tract of asparagines at amino acid 178 that is not found in other prenyltransferases and whose length varies among strains and between alleles. Several proteins from
Dictyostelium discoideum contain translated polyasparagine tracts and similar tracts have been identified in at least two S. cerevisiae proteins, Swhlp and Abflp (Diffley & Stillman, 1989; Schmalix & Bandlow, 1994) . The function of the polyasparagine tracts is unknown and the significance, if any, of this region in CaCdc43p remains to be determined. We do know that CaCdc43p containing either 6 or 17 asparagines is functional, as complementation of the ts cdc43 mutant was obtained with either of these homologues. Restriction site polymorphisms between alleles of C. albicans have been identified previously (Kelly et al., 1987) , but to our knowledge, this is the first time that differences between the coding sequence of two alleles has been documented. It will be interesting to see what other types of changes occur between ORFs of different alleles and how frequently this occurs when more sequence of the C. albicans genome becomes available.
Studies on the substrate specificity of S. cerevisae GGTase I and FTase have shown that prenyl acceptor specificity is largely defined by the C-terminal X-residue of the CaaX motif and, moreover, is largely independent of the remaining N-terminal protein sequence (Moores et al., 1991) . S . cerevisiae GGTase I has a preference for CaaX substrates ending in leucine and to a lesser extent, methionine, while S. cerevisiae FTase preferentially farnesylates CaaX sequences ending in methionine, serine, cysteine and alanine. Enyzme specificity studies with recombinant yeast FTase from S. cerevisiae have in fact shown Ras-CaaL substrates to be modestly farnesylated ( 3 4 % ) relative to Ras-CAIM (Caplin et al., 1994) . However, the lethality of the GGTase I null mutation presumably results from the inability of S. Interestingly, the C. albicans FTase also possesses the ability to farnesylate all Ras-CaaL substrates examined at levels ranging from 2% (CAIL) to 20% (CVIL) relative to that observed with CVLM. Moreover, the specific activities determined .for CaaL farnesylation are comparable to those observed for GGTase I catalysed geranylgeranylation. It is unclear whether the crossspecificity of C. albicans FTase for CaaL substrates observed in vitro will affect the functional requirements for GGTase I in C. albicans cells.
The cloning of the C. albicans GGTase I subunit genes is an important step towards understanding the role of protein geranylgeranylation in C. albicans morphogenesis. The sequence data presented suggest that it may be possible to identify inhibitors with selectivity for the C. albicans versus the human enzyme. Further experiments to validate GGTase I as a broad-spectrum fungicidal target for antimycotic therapy are under way.
NOTE ADDED IN PROOF
A report on the complete cloning and characterization of GGTase I from the fission yeast Schixosaccharomyces pombe was published recently (Arellano et al., 1998) .
